Anhydrobiotic engineering aims to improve desiccation tolerance in living organisms by adopting the strategies of anhydrobiosis. This was achieved for Escherichia coli and Pseudomonas putida by osmotic induction of intracellular trehalose synthesis and by drying from trehalose solutions, resulting in long-term viability in the dried state.
Organisms able to undergo anhydrobiosis survive the loss of essentially all their water, assuming metabolic dormancy in the dried state and resuming normal functions on rehydration. When dry, such organisms are highly resistant to environmental challenge (2, 7) . Although bacteria exhibit variable degrees of desiccation tolerance (9) , relatively few genera are recognized as anhydrobiotic, the major exceptions being among the cyanobacteria (10) . The ability to confer similar desiccation tolerance on otherwise desiccation-sensitive microorganisms, termed anhydrobiotic engineering (6) , has numerous potential biotechnological applications. Studies of anhydrobiosis in baker's yeast suggest that both synthesis and export of the disaccharide trehalose are of crucial importance (2, 5) . Since many bacteria accumulate trehalose under certain hyperosmotic culture conditions (11), they are ideally suited for anhydrobiotic engineering. One recent study has shown that osmotically induced trehalose synthesis can increase the rate of survival of desiccation for Escherichia coli (13) . In this paper, we demonstrate that when trehalose is present both inside and outside the cell, desiccation tolerance and long-term stability of both E. coli and Pseudomonas putida can be comparable to those of anhydrobiotic organisms.
E. coli MC4100 was grown in M9 medium with 1% glucose and trace elements (0.015 mM FeSO 4 , 0.015 mM ZnSO 4 , and 0.015 mM MnSO 4 ), with or without osmotic stress (0.6 M NaCl), and harvested in growth and stationary phases. Intracellular trehalose was measured by gas chromatography, essentially as described previously (12) ; concentrations were calculated with reference to CFU. Stressed E. coli in growth phase contained the highest level of trehalose (230 g/10 9 CFU in a typical experiment), while stressed cells from stationary phase contained somewhat less (150 g/10 9 CFU). Unstressed cells from either growth phase or stationary phase did not contain detectable amounts of trehalose (Ͻ0.5 g/10 9 CFU).
P. putida has been reported to accumulate mannitol as the main compatible solute (8) . A study of the compatible solute profile of P. putida KT2440 grown in high-salt medium identical to that used for E. coli, except that 0.4 M NaCl was used, has demonstrated high concentrations of mannitol in early growth phase, which decrease rapidly thereafter. Trehalose is produced in high-salt cultures of P. putida, although not until late growth phase; its concentration then increases during stationary phase (H. Bredholt and A. R. Strøm, unpublished data). Growth-phase, stressed cells contained the highest mannitol concentration (88 g/10 9 CFU in a typical experiment; cf. 0.7 g/10 9 CFU in stationary phase), whereas stressed cells in the stationary phases contained the highest trehalose level (32 g/10 9 CFU; cf. 0.8 g/10 9 CFU in growth phase), as measured by gas chromatography. Mannitol was not detectable in unstressed P. putida, and trehalose levels were low (2 to 7 g/10 9 CFU).
E. coli and P. putida grown in high-salt or standard medium were vacuum dried from a trehalose solution, using a "quick drying" protocol. Samples from both growth and stationary phases were recovered by gentle centrifugation (4,000 relative centrifugal force) and resuspended in 1 M trehalose (ϳ10 9 bacteria/ml), and 100-l volumes were divided into 7-ml glass serum vials. Vacuum drying for 2 h at 30 to 100 mTorr with a shelf temperature of 30°C was carried out in a modified freeze dryer (Dura-Stop MP; FTS Systems, Stone Ridge, N.Y.); vials were sealed under vacuum. Samples were either rehydrated and plated immediately after drying or were first stored at 30°C for 7 days (Fig. 1) . Bacteria were rehydrated with 1 ml of Luria broth at 20°C, serially diluted, and plated on Luria broth agar. Viability is defined as CFU of rehydrated bacteria/CFU of a nondried control, expressed as a percentage. Strikingly, with one exception, E. coli and P. putida gave remarkably similar results after immediate rehydration (Fig.  1) , regardless of whether bacteria had been osmotically stressed. The exception was the E. coli culture in high-salt medium sampled in growth phase, where a very high propor- tion of cells remained viable (Fig. 1A) . However, after storage for one week at 30°C, differences became more apparent. For E. coli, osmotically stressed bacteria maintained significantly higher viability than those from an equivalent growth phase in standard medium (P Ͻ 0.05; two-tailed Student's t test). Growth-phase cells from high-salt cultures also performed better (P Ͻ 0.05) than equivalent stationary-phase cells, in which the trehalose concentration is lower (Fig. 1A) . For P. putida, higher (P Ͻ 0.05) viability after 1 week of storage was observed for stationary-phase, stressed cells compared to results for other samples, again correlating with the presence of intracellular trehalose. Mannitol in osmotically stressed growth-phase P. putida cultures did not appear to improve viability at day 7 (Fig. 1B) .
The residual water content of dried bacteria after quick drying was ϳ10% (wt/wt) according to coulometric KarlFischer titration (Aquapal III; CSC Scientific Co., Inc., Fairfax, Va.). Since the water content of dried anhydrobiotic organisms is usually lower than 10% (2, 7), it was postulated that more extensive drying could increase the long-term stability of the dried bacteria, particularly for P. putida. An experiment was therefore carried out whereby bacteria were sampled at four stages of an extended vacuum-drying procedure: 2 h at 30°C (quick drying, as above); 15 h at 30°C ("primary drying"); primary drying followed by an increase in shelf temperature of 2.5°C/min, holding for 15 min every 2°C, up to a final temperature of 60°C ("secondary drying"); and secondary drying to 80°C. E. coli and P. putida with maximal intracellular trehalose concentrations were dried from 1 M trehalose and sampled for residual moisture content and viability at each stage of the drying process; further samples were also stored at 30°C for up to 28 days. As expected, more extensive drying decreased the water content to the following amounts: for quick drying, 9 to 11%, for primary drying, 6 to 7.5%, for secondary drying to 60°C, 4.5 to 6%, and for secondary drying to 80°C, 1.5 to 2.5% (wt/wt) residual water.
For E. coli, viability remained approximately constant over time, regardless of sample water content (within the measured range): essentially no loss of viability was seen from day 1 to day 28 of storage at 30°C (Fig. 2A) . In the experiment shown, a relatively constant viability of ϳ50% was observed; over a series of experiments, some variability in the survival rate was seen, with viability ranging from 40 to 70%. It is worth noting that the first sampling point for this experiment was at day 1, even for quick-dried samples, which were effectively stored (at 30°C) for ϳ20 h prior to rehydration. The viability of quickdried E. coli organisms after this storage period was consistently below the range observed when they were rehydrated and assayed immediately (70 to 100%; e.g., see Fig. 1A ). We attribute this to further drying in the vial during the initial storage period, due to redistribution of some residual cellular water to extracellular trehalose or to the vapor phase.
For P. putida, a different pattern was observed (Fig. 2B ). There was increased loss of viability at day 1 as the residual water content was reduced, but bacteria became increasingly resistant to further loss during storage. The difference in the degrees of dryness required to achieve long-term stability for E. coli and P. putida could be due to the intracellular trehalose content: assuming a bacterial cell volume of ϳ2 fl, the trehalose concentration in E. coli is of the order of 300 mM prior to drying; in P. putida this is closer to 40 mM. A higher intracellular trehalose concentration might inhibit Maillard reactivity more efficiently or promote a higher intracellular glass transition temperature, thereby allowing greater latitude in the degree of desiccation required for long-term stability.
A recent report suggests that for Lactococcus lactis, extracellular mannitol acts as a desiccation protectant (4), but there is no information on the efficacy of intracellular mannitol. Our data suggest that for P. putida it is less effective than trehalose, perhaps because mannitol has a tendency to crystallize rather than forming the glassy matrix by which trehalose confers at least part of its protective effect (3) .
Anhydrobiotic engineering of gram-negative bacteria can be achieved, therefore, with high intracellular and extracellular concentrations of trehalose prior to drying. Where intracellular trehalose levels are limiting, best results correlate with minimal residual water content. Intracellular trehalose can be accumulated by induction of endogenous trehalose synthase genes or by a genetic engineering approach, analogous to a recent attempt using a sucrose synthase gene (1) .
